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MicrostructuresAbstract This paper studies the microstructure and microhardness of the welded joints of the
annealed aluminum alloy AA7020-O produced by friction stir welding (FSW) technique. The mate-
rial was applied to post weld heat treatment (solution treatment and artiﬁcially aged, T6). The tra-
verse speed and the rotational speed are the most important process parameters of FSW, and have
great inﬂuence on the heat input of the welding operation which governs the welded joints quality.
To investigate their effect, the welding operation was performed using three traverse speeds, 20, 40
and 60 mm/s with two rotational speeds of 1125 and 1400 rpm, and other welding parameters were
kept constant to produce comparable joints. It was found that the two rotational speeds are
accepted with lower traverse speeds to produce sound joints. Microstructure of the welded joints
was signiﬁcantly affected by the FSW process parameters, and slight effect was reported for the
grain size. Microhardness examination showed high weld joint quality with respect to the base metal
hardness, which proves the reprecipitation of the hardening phase in the weld zone. The microhard-
ness proﬁle was strongly dependant on the rotational speed, and the average values of the joints
hardness have increased with the decrease in the rotational speed, where it have been slightly
affected by the welding speed.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Housing and Building
National Research Center. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Heat treatable aluminum alloys with high strength levels are
widely used in structural applications. These alloys are used
to encounter difﬁculties to be welded by conventional fusion
welding techniques. This difﬁculty was pioneered in welding of
highly alloyed 2XXX and 7XXX series. The poor solidiﬁcationHBRC
2 G.M.F. Essa et al.microstructure and porosity in the fusion zone which leads to
the loss in mechanical properties as compared to the base
material make these alloys generally classiﬁed as non-
weldable alloys. So, it was hard to produce high strength, fati-
gue and fracture resistant welds. Friction stir welding (FSW)
was found to be a very successful approach to weld these high
strength alloys in a solid-state joining process. The think up of
friction stir welding was in 1991 at the Welding Institute (TWI)
of UK and it was initially applied to aluminum alloys [1,2], but
now its use extends to a variety of materials including steels,
polymers [3], dissimilar steel/aluminum [4] and dissimilar
steels [5].
The concept of FSW process is simple, where two butting
surfaces of sheets or plates to be joined are clamped rigidly
on a specimen ﬁxture. The specimen ﬁxture and the welding
tool can be used on a milling machine to perform the welding
process as shown in Fig. 1. The welding tool is a nonconsum-
able rotating component with pin and shoulder. The pin or
prob is the part of the welding tool that extends and passes
entirely or partially through the workpiece to make the weld,
and the tool shoulder is the surface of the tool that contacts
the workpiece surface during welding. The tool capitalizes
two primary functions, heating of work piece and movement
of material to produce the joint. Heat generated by friction
between the tool and the work piece causes softening of the
material being welded due to the localized heating. Also, severe
plastic deformation occurs in the area around the rotating
tool. As the tool is translated along the welding direction the
ﬂow of the plasticised metal occurs and the material trans-
ported from the front of the tool to the trailing edge where it
is forged into a joint. As a result of this process a solid state
weld joint is produced [6–8]. The rotational speed (r) and tra-
verse speed (v) of the FSW tool are called the welding param-
eters and have a great effect on the weld efﬁciency.
It is well stated that FSW zones undergo microstructural
changes that have a great effect on postweld mechanical prop-
erties. Therefore, most studies of FSW give a great attention to
the microstructural evolution of FSWed joint. It is well
accepted by many researchers that ﬁne and equiaxed grainsHead of milling 
machine 
Welding tool
Specimen 
fixture 
Machine table
Fig. 1 Friction stir welding set up.
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tallization during FSW process.
Although the weld material of the FSW joints remains in
the solid state through the joining process [6–8], it experiences
high levels of deformation [9] and high temperature extrusion
[10,11] leading to signiﬁcant effect on the microstructure and
mechanical properties, associated with the development of sig-
niﬁcant levels of residual stress due to the rigid clamping used
in FSW [12]. Thus, post weld heat treatment (PWHT) was
applied to improve the mechanical properties of FSW joints.
In the present study, AA7020-O has been applied to solution
treatment and artiﬁcially aging (STA-T6) after welding pro-
cess, and was experimentally examined to demonstrate the
effect of the welding process parameters on the microstructure
and micro hardness.
Material and experimental work
Zinc aluminum alloy AA7020-O is used in this research. The
material was annealed before welding to remove the hardening
effects of heat treatment or of cooling from hot working tem-
peratures. Annealing results in relief of internal stresses, soft-
ening, chemical homogenizing and transformation of
the grain structure into more stable state. The material then
applied to post weld heat treatment. After solution treatment,
age hardening has achieved with precipitation heat treatment,
and the plates were artiﬁcially aged at 190 C for 12 h and
cooled gradually in air at room temperature to obtain ‘‘T6’’
state. Mechanical properties and chemical composition of
AA7020-O (STA-T6) are shown in Tables 1 and 2 respectively.
The material supplied in the form of plates of 10 mm thick-
ness of wrought aluminum alloy. Butt joint conﬁguration was
prepared to fabricate FSW joints. The plates were cut to the
required size by power hacksaw cutting. The joint dimensions
are shown in Fig. 2. The two plates of the FSW joint were
secured in position using a special ﬁxture. The specimen ﬁxture
was designed and fabricated to allow easy setting, tight clamp-
ing and central perpendicular loading for the two parts of fric-
tion stir welding specimen. The welding process was performed
on a universal vertical milling machine matching closely with
the requirements. The direction of welding was normal to
the rolling direction of the base plates, and a single pass weld-
ing procedure was used to produce the joints. Two rotational
speeds were chosen to perform the stir welding operation,
1125 rpm and 1400 rpm. The two speeds were used with three
different traverse speeds, 20, 40, and 60 mm/min. All other
welding parameters were kept similar for all specimens in order
to obtain comparable welded joints.
Specimens for macro and microstructural observations
were cut out of the welded plates, perpendicular to the welding
direction. Microstructure examination was performed on the
cross-section of the welded region after mechanically ground
using emery papers down to 1200 grade, followed by polishingTable 1 Mechanical properties of AA7020-O (STA-T6).
Ultimate tensile
strength (MPa)
Yield strength
(MPa)
Elongation
(%)
Vickers
hardness
340 279 20 130
microhardness of friction stir welded joint of (AA7020-O) after PWHT, HBRC
Table 2 Chemical composition of the AA7020, component
wt.%.
Si Fe Cu Mn Mg Zn Cr Ti Al
0.13 0.08 0.13 0.33 1.33 4.25 0.2 – 93.68
Fig. 2 Schematic arrangement for friction stir welding specimen.
Microstructure examination and microhardness of friction stir welded joint(AA7020-O) 3using 0.1 lm agglomerated alpha alumina suspension solution,
and then rinsed and degreased with acetone. Surface of the
specimens was etched by Keller’s reagent (1 ml HF, 1.5 ml
HCl, 2.5 ml HNO3, and 95 ml H2O). Macro-examination of
the cross-sectional area of each specimen was carried out to
show the shape and soundness of welded joints. Microstructures
of the cross-sectional area of welded joints were then observed,(a)1125 rpm x 20 mm/min     
(c)1125 rpm x 40 mm/min     
(e)1125 rpm x 60 mm/min     
Fig. 3 Surface macrograph of t
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measurements were carried out along the center line at the
mid-thick position of the cross section which is transverse to
the welding direction with internal spacing of 1.0 mm under
the load of 4.903 N for 15 s loading time. Microhardness test
was conducted using Shimadzu Vickers microhardness testing
device. The stirred zone (SZ), thermo-mechanically affected
zone (TMAZ), heat-affected zone (HAZ) and base metal
(BM) were covered by the microhardness test, and then corre-
lated with the microstructural observations.
Results and discussion
Surface morphologies
The welded joints were visually inspected for the defects of the
external morphology and cross sections. The upper surface
macrograph of the FSWed joints of AA7020-O is shown in
Fig. 3. The ﬁgure shows considerable excess ﬂash and rough
surface at lower rotational speed while smooth surface appear-
ance has been achieved at higher rotational speeds, on the
other hand the effect of traverse speed is not conspicuous.
Also, the ﬁgure shows neither surface disﬁguration nor
grooves, and no surface-open tunnel defects were detected in
most of the welded plates.
Macrostructure observations
Fig. 4 shows examples of macroscopic appearance of the cross-
sections of AA7020-O joints welded at rotation speeds of
1125 rpm and 1400 rpm, respectively, with three different
welding speeds of 20, 40 and 60 mm/min. All joints welded
at lower welding speeds showed good appearances and were
free from macro-scale defects. At higher welding speed
(60 mm/min), a severe tunnel like defect was detected at
advancing side in some welds as shown in Fig. 4f. This defect
usually refers to insufﬁcient heat input and could be attributed  (b)1400 rpm x 20 mm/min 
 (d)1400 rpm x 40 mm/min  
  (f)1400rpm x 60 mm/min 
he FSWed joints of AA7020.
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Fig. 4 Macrostructures of the transverse cross section of AA7020-O welded joints.
Fig. 5 Microstructure of the base metal AA7020-O.
4 G.M.F. Essa et al.to shortage in the vertical force during stirring action or the
selected combination of welding speed and rotational speed
did not afford sufﬁcient heat to perform perfect plastic ﬂow.
The use of special tool geometry would effectively help in elim-
inating this obstruction. Kissing bond defect was observed in
the bottom surface of some welded specimens due to the smal-
ler probe length compared with the thickness of the welded
plates, Fig. 4b. The size of SZ, TMAZ, and HAZ zones was
decreased as the welding speed increased due to decreasing
heat input. The weld zones are wider toward the upper surface,
because it is in contact with the tool shoulder, and therefore
experiences more frictional heating and plastic ﬂow, while
the bottom surface is in contact with the ﬁxture plate which
extracts heat from the bottom area of the joint and contributes
to smaller weld nugget width. It is also noticeable from the
Fig. 4 that the weld nuggets have trapezoidal shape with size
matches with the tool dimensions, which coincides with the
weld nugget reported by Chaitanya et al. [13]. In particular,
intense plastic deformation and onion ring were only observed
near advancing side for the AA7020-O joint welded at
20 mm/min as shown in Fig. 4a and d.Please cite this article in press as: G.M.F. Essa et al., Microstructure examination and
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Microstructure of base metal of AA7020-O is shown in Fig. 5.
The microstructure shows elongated grains as a result of roll-
ing directions. These grains are several hundred microns long
and approximately 30 lm wide and are resulted from the cold
deformation. Theses grains containing random distribution of
second phase particles and MgZn2 precipitates are embedded
in the matrix of aluminum grains.
Heat generation in friction stir welding process is a contri-
bution of friction heat and heat due to plastic deformation
energy. Thus, the welding area witnesses complex interactions
between varieties of simultaneous thermo-mechanical pro-
cesses. These interactions result in dynamic recrystallization
phenomena [14] and the mechanical integrity of the joint.
Based on the microstructural characterization of grains three
distinct zones have been identiﬁed. Example of microstructure
of different regions in the joint welded at 1125 rpm and
20 mm/min is shown in Fig. 6. The welding joint zones appear
clearly in the ﬁgure; SZ along the weld center line, TMAZ on
both sides of SZ, HAZ which is surrounding the TMAZ, and
BM. Fig. 6a represents the microstructure of SZ near the bot-
tom of the plate, where microstructure is dominated by
equiaxed grains with much smaller size compared to the large
elongated grains of BM. Microstructures of the stir zone at the
center position and just below the shoulder are shown in
Fig. 6b and c, respectively, where the grain size is larger than
that observed in location (a). Fig. 6d represents the boundary
between the TMAZ and SZ at the advanced side, revealing
that the material has been plastically deformed. No recrystal-
lization has occurred in this region, and there is generally a dis-
tinct boundary between the TMAZ and SZ at the advanced
side, as shown in Fig. 6d. On the other hand, the boundary
between the TMAZ and SZ at the retreating side is rather
unclear as shown in Fig. 6f. The distinctive appearance of
the AS and RS interface was explained by the deposition of
material layers behind the tool as a function of traverse per
revolution [15–20]. In the ﬁrst half of the revolution of the tool
the material transmits from AS and accumulates at RS. This
accumulation of material at the RS results in a wide transition
zone at the RS relative to approximately no transition zone atmicrohardness of friction stir welded joint of (AA7020-O) after PWHT, HBRC
Fig. 6 Optical microstructure at different locations of joint AA7020-O (STA-T6) welded at 1125 rpm and 20 mm/min.
Microstructure examination and microhardness of friction stir welded joint(AA7020-O) 5the AS, as reported by Schmidt et al. [21]. In the second half of
the revolution as the tool is traversing this material is depos-
ited behind the tool which resulted in one layer deposition,
which makes the wide transition zone of material at the RS
and approximately no transition zone at the AS.
The stirred zone of FSW joints underwent dynamic recrys-
tallization and equiaxed ﬁne grain structure has existed under
all the welding conditions. Fig. 7 shows the recrystallized grain
structure with higher magniﬁcation at the center position of SZ
for different welding speeds at a constant rotation speed of
1400 rpm. It was observed that the grain size slightly decreased
with increasing welding speed due to the decrease in the heat
input during the welding process. In addition, increasing weld-
ing speed resulted in more homogenous grain size in the SZ.
Hardness measurements
Effect of welding speeds (20–60 mm/min) at two values of
rotation speeds (1125 and 1400 rpm) on the hardnessFig. 7 Optical microstructures of the stir zone of AA7020-O (STA
different welding speeds of (a) 20 mm/min, (b) 40 mm/min and (c) 60
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Journal (2016), http://dx.doi.org/10.1016/j.hbrcj.2015.05.002distributions of joints is shown in Figs. 8 and 9. The measure-
ments were performed across the SZ, TMAZ, HAZ, and BM
on the transverse cross-section of the welded joints. Figs. 8
and 9 show microhardness proﬁles of the AA7020-O (STA-
T6) joints welded at 1125 rpm and 1400 rpm, respectively, with
changing the welding speeds from 20 to 60 mm/min. The stir-
red zone of FSW is expected to have the lowest hardness in the
weld zone due to the exposure to high temperature (around
500 C) which results in the dissolution of the precipitation
phase in that zone. Figs. 8 and 9 show that at all welding con-
ditions the hardness proﬁle reached maximum levels at the stir-
red zone and had approximately the same values as that of the
parent metal (about 130 HV), which proves the occurrence of
re-precipitation of the hardening phase. This increase in the
hardness at the SZ was also reported in FSW of other precip-
itation hardened alloys [22,23,17]. Slight decrease in hardness
was observed in the TMAZ due to the coarsening of the hard-
ening phases in that region. The lowest hardness was recorded
in HAZ, the existence of these soft zones on both sides of the-T6) joints welded at constant rotation speed of 1400 rpm and
mm/min.
microhardness of friction stir welded joint of (AA7020-O) after PWHT, HBRC
Fig. 8 Hardness proﬁles at mid thickness transverse to welding
directions of the welded joints of AA7020-O (STA-T6) welded at
1125 rpm and different welding speeds..
Fig. 9 Hardness proﬁles at mid thickness transverse to welding
directions of the welded joints of AA7020-O (STA-T6) welded at
1400 rpm and different welding speeds.
6 G.M.F. Essa et al.HAZ indicates that some precipitates might have coarsened
and lost their coherency due to the thermal history. The ﬁgures
also show that hardness proﬁle strongly depends on the rota-
tional speed, whereas the welding speed slightly affected the
average value of the hardness. The microhardness values of
the SZ and TMAZ decreased with increasing the welding
speeds, whereas the HAZ zones slightly hardened with increas-
ing welding speeds.
Conclusions
– The heat treatable, high strength aluminum alloy AA7020-
O has been joined successfully using friction stir welding
technique at rotational speeds of 1120 rpm and 1400 rpm.
An optimum combination has been achieved for rotational
and traverse speeds to produce sound and defect free joint
when lower welding speeds (20–40 mm/min) were used.
Careful selection of FSW parameters and other process
variables such as tilt angle, axial force and tool geometry
are required to avoid the formation of tunnel and kissing
bond defects, and to allow the using of wider range of weld-
ing parameters.
– Microstructure examination has witnessed the occurrence
of the dynamic recrystallization at the weld nugget and
the formation of equiaxed ﬁne grain structure. Grain sizePlease cite this article in press as: G.M.F. Essa et al., Microstructure examination and
Journal (2016), http://dx.doi.org/10.1016/j.hbrcj.2015.05.002of the weld nugget decreased with increasing the welding
speeds, while the examined range of rotary speed did not
show any effect.
– The presence of the ﬁne equiaxed grains and the resolution
of the dissolved precipitates partially remedy the loss of
hardness in the weld zone, and the hardness of welded joint
of AA7020-O (STA-T6) produced by FSW was approxi-
mately equal to the base metal.
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